ABSTRACT: Prostaglandin E 2 (PGE 2 ) is an activator of bone remodeling, and increase levels of PGE 2 are found in several disorders characterized by chronic inflammation. Bisphosphonates are used in the treatment of osteogenesis imperfecta (OI), an inherited disorder characterized by bone fragility and low bone mass. We evaluated the serum PGE 2 (ng/mL) level in 16 children affected by OI (11 with mild and 5 with severe forms) at basal time and during treatment with neridronate. The levels of PGE 2 in mild and severe forms were increased at basal time compared with controls (13.14 Ϯ 4.2 versus 0.72 Ϯ 0.05, p Ͻ 0.01; 15.1 Ϯ 1.5 versus 0.72 Ϯ 0.05, p Ͻ 0.01, respectively) and showed a significant decrease after the second (T1) cycle of treatment (mild: 4.97 Ϯ 5.0 versus 13.14 Ϯ 4.2, p Ͻ 0.01; severe: 5.32 Ϯ 4.5 versus 15.1 Ϯ 1.5, p Ͻ 0.01) with a further significant decrease after the fourth (T2) cycle. The high basal PGE 2 levels in OI, a noninflammatory disorder, could be explained by stress-induced release mediated by inducible cyclooxygenase-2-catalyzed pathway. The reduction obtained by treatment with bisphosphonates could be attributed to a direct pharmacological effect since these drugs has been reported to modulate the release of proinflammatory mediators.
S
everal in vitro and in vivo studies have evaluated the effect of various cytokines on the differentiation and metabolism of bone cells. Osteoblast can regulate the secretion of cytokines that are produced in the bone microenvironment and influence its remodeling (1) .
Prostaglandins, especially prostaglandin E 2 (PGE 2 ), are known to be potent activators of bone remodeling and have been reported as having both anabolic and catabolic effect on bone (2) . Furthermore, PGE 2 can modulate type I and type III collagen production with preferential loss of type I collagen in normal and in mutant fibroblasts (3) . In the release of prostaglandins, at least two types of enzymes are involved: the cyclooxygenase-1 (COX-1), present as constitutively express isoform and the COX-2, generally considered as inducible isoform. The COX-2 is a ubiquitous enzyme responsible for the release of high amounts of prostaglandins in several pathologic events. COX-2 and PGE 2 are involved in both cytokine-mediated osteoclast activation and osteoblast bone formation (4) .
Osteogenesis imperfecta (OI) is an inherited disorder characterized by increased bone fragility and low bone mass (5) . Four types are commonly distinguished on the basis of clinical and genetic features although overlaps are often observed (6) . In most OI patients, the disease is caused by mutations in the collagen type I gene. The main pathophysiological effect is the production of an abnormal matrix that does not respond to mechanical loads. In compensation, the osteoblast population increases and osteoblast activity is raised, leading to a high bone turnover rate. The increased bone turnover explains the bone loss characterizing the clinical picture of the disease (7) .
Bisphosphonates (bb) are currently used in the treatment of several forms of the disease. The main effect of the pharmacologically active bb is the reduction of bone turnover through decreasing bone reabsorption (8) . In addition, it has been recently reported that bb modulate the release of proinflammatory mediators (9, 10) . Neridronate is an amino-bisphosphonate structurally similar to alendronate and pamidronate and was recently registered in Italy for the treatment of OI (11) .
This led us to design a study to evaluate the serum level of PGE 2 in children affected by OI at basal time and during treatment with neridronate.
MATERIALS AND METHODS

Subjects.
Sixteen prepubertal children affected by OI, 8 males and 8 females, aged from 2 to 11 y (median 6.9), outpatients in the Department of Pediatrics of University of Roma "La Sapienza," were enrolled in the study. Patients were diagnosed on the basis of clinical and radiologic features according to the Sillence classification (6) and included 11 children with mild form (type I) and 5 with severe forms of OI (type III/IV) ( Table 1 ). The patients were not receiving medication and were on a free diet with normal dietary protein and calcium intake. None of the patients was previously treated with bb, and routine hematological parameters, including inflammatory markers, were in the normal range. This study does not include patients who had experienced fractures, including vertebrae, in the previous 6 mo.
The treatment was started with cyclical neridronate infusion every 3 mo. Each cycle consisted of one infusion at a dose of 2 mg/kg/body weight diluted in 250 mL of saline solution. No adverse side effects were noted apart from the well-known acute phase reaction within 24 -48 h after first infusion cycle. Levels of serum PGE 2 and biochemical parameters of bone metabolism (serum calcium, inorganic phosphorus, creatinine, total and bone alkaline phosphatase), and urinary creatinine, calcium, and c-terminal telopeptide of collagen-I (CTx) were assayed at baseline (T0) and immediately before the third (T1) and fifth (T2) cycle of treatment (6 and 12 mo after the start of treatment, respectively). Patients were fasting at the time of blood and urine sampling. Urinary assays were performed using the second void sample of the morning.
Bone mineral density (BMD) at lumbar spine (L1-L4) was measured by dual-energy x-ray absorptiometry (QDR 4500 A; Hologic, Waltham, MA) at baseline (T0) and after 6 mo (T1) and 12 mo (T2) of treatment.
The reference normal control group consisted of 16 healthy children matched for sex and age (8 males, 8 females; age: 4 -12 y, median 7.4 y) who underwent routine hematological assessment. Control values have been used to compare with pretreatment (T0) values of patients.
Informed consent was obtained from the parents of each patient before the start of treatment. The study was approved by the Ethics Committee of the Department of Pediatrics of University "La Sapienza" Roma. PGE 2 serum level determination. Serum samples were obtained using a serum separator tube test (SST) allowing samples to clot for 30 min before centrifugation at approximately 1000 ϫ g. When samples were not tested immediately, a prostaglandin synthetase inhibitor, such as indomethacin, was added at approximately 10 g/mL final concentration before storage at -20°C. PGE 2 concentrations were determined by enzyme immunoassay, using a high-sensitivity ELISA kit (R & D Systems, Minneapolis, MN). All serum samples required an appropriate dilution (10 -100 fold) depending on the amount of PGE 2 detectable. Assays were performed according to the manufacturer's instructions. The PGE 2 standard curve in assays carried out with the high sensitivity option ranged from 0.0196 ng/mL to 1.250 ng/mL, whereas with the regular sensitivity option ranged from 0.039 ng/mL to 2.5 ng/mL. The intra-and interassay coefficients of variation were below 10% and 12%, respectively. The minimum detectable dose (MDD) was 0.025 ng/mL. Statistical analysis. Data are reported as mean Ϯ SD. The data do not appear to be normally distributed and may be log normal. In any case, the variance of the values of PGE 2 in the subjects with OI is very much greater than that of the controls. We have therefore applied the Mann-Whitney nonparametric test to compare the OI subjects with the controls and the Wilcoxon test to compare the values of PGE 2 , BMD, and biochemical parameters of bone metabolism between T0, T1, and T2. Correlations were performed by Spearman's rank correlation test. A result is considered statistically significant if p Ͻ 0.05.
RESULTS
The basal level of serum PGE 2 (ng/mL) of 11 patients affected by mild OI (type I) and the 5 patients affected by severe OI (type III/IV) showed values significantly higher in respect to the controls (mean Ϯ SD: 13.14 Ϯ 4.2 versus 0.72 Ϯ 0.05, p Ͻ 0.01; and 15.1 Ϯ 1.5 versus 0.72 Ϯ 0.05, p Ͻ 0.01, respectively) (Fig. 1) . No significant correlations were found between basal serum PGE 2 levels, BMD, and biochemical parameters of bone metabolism, including bone apposition (bone alkaline phosphatase) and reabsorption (urinary CTx/creatinine) markers.
After two cycles of neridronate treatment (T1), a significant reduction of serum PGE 2 in respect to the basal (T0) levels was observed both in mild and severe forms (mean Ϯ SD: 4.97 Ϯ 5.0 versus 13.14 Ϯ 4.2; p Ͻ 0.01 and 5.32 Ϯ 4.5 versus. 15.1 Ϯ 1.5; p Ͻ 0.01, respectively). At this time, 3 out of the 11 patients with mild (27.3%) and 1 out of the 5 patients with severe form (20%) showed values within the normal range (Fig. 1) . Following the fourth infusion (T2), there was a further significant reduction of serum PGE 2 levels and 7 out of the 11 patients with mild (63.6%) and 3 out of the 5 patients with severe OI (60%) normalized their PGE 2 levels (Fig. 1 ). There were no statistically significant differences in serum PGE 2 levels between mild and severe forms at baseline and during bb treatment. The values of BMD and biochemical parameters of bone metabolism are reported in Table 1 . The percentage variation in respect to the baseline of urinary CTx/creatinine ratios and serum BMD during neridronate treatment are reported in Figure 2 . Serum BMD showed a significant increase after the second cycle of treatment (T1) with a further significant increase after the forth cycle (T2) whereas urinary CTx/ creatinine ratios showed a parallel decrease.
No significant correlation was found between percentage variation (T0 -T2) of serum PGE 2 level and percentage variation (T0 -T2) of BMD or biochemical bone parameters.
DISCUSSION
Our study provides evidence for two remarkable results. The first is that serum PGE 2 basal levels are increased in children with OI, a disease characterized by high bone turnover rate, in which there is no evidence of chronic prophlogistic activation. Although extensively studied, the role of prostaglandins on bone metabolism is unclear and most likely bimodal. In fact, PGE 2 acts as a potent stimulator of bone reabsorption in several disorders that are characterized by chronic inflammation, including osteoarthritis and periodontitis (12, 13) . Otherwise, a high basal plasma level of PGE 2 positively correlates with bone formation markers in patients with ulcerative colitis, thus suggesting a protective role of PGE 2 against bone loss in these patients (14) . These results are an indication of the complex role of this cytokine in regulating bone remodeling.
An intriguing question is why PGE 2 are increased in children affected by OI. Osteocytes are generally considered to be the bone mechanosensory cells that translate a mechanical signal into biochemical, bone metabolism-regulating stimuli necessary for the adaptive process. Prostaglandins are an important part of this mechano-biochemical signalling (15) (16) (17) . Stress-induced PGE 2 release has been well-investigated in vitro study, suggesting an activation mediated by the inducible COX-2-catalyzed pathway (18) . It is well known that in OI, the genetic defect in the osteoblast interferes with the multiple mechanisms that normally ensure adaptation of the skeleton to the increasing mechanical need during growth (7). Our results suggest that in patients with OI the increased basal serum PGE 2 levels can be attributed to excessive PGE 2 release, perhaps mediated by COX-2 activation induced by mechanical stress in bone tissue.
Whether the role of PGE 2 in the pathogenesis of OI has an importance comparable with that reported in inflammatorymediated bone loss conditions is not known. We correlated basal serum PGE 2 levels and BMD and biochemical parameters of bone remodeling, but no statistically significant results were found. These could be partly related to the small size of the study and the heterogeneity of the disease.
The second result of our study is the dramatic decrease of PGE 2 levels after four cycles (1 y) of bb treatment. In vitro and in vivo studies have demonstrated that various bb modulate the release of proinflammatory mediators (9,10) and inhibit PGE 2 synthesis induced by phlogistic or mechanical stimuli (13, 18, 19) . These studies postulate that the inhibition of endogenous PGE 2 production may be involved in the mechanism of action of bb (20) . Recently, Liu et al. (18) found that clodronate inhibited the mechanical stress-induced production of PGE 2 , suggesting that inhibitory effect on osteoclast may be due, at least in part, to the inhibition of COX-2-dependent PGE 2 production. Therefore, we hypothesize that even in OI the inducible form (COX-2) could be responsible for both high basal PGE 2 release and response to bb administration.
In agreement with previous results (5,8), we observed a significant increase of BMD with a parallel decrease of urinary CTx/creatinine ratios during bb treatment (Fig. 2) but no significant correlation between PGE 2 changes and variation of BMD or biochemical parameters of bone metabolism. The lack of a statistically significant effect on bone accrual, despite the significant reductions in the level of PGE 2 , may be explained by the occurrence of biochemical changes before clinically detectable effects take place. In any case, further studies are needed to better elucidate these points.
In conclusion, in the present study we observed very high basal serum PGE 2 levels in children affected by OI that are lowered by neridronate treatment. These results could be important for the understanding of the role of metabolic factors in the pathogenesis of OI and the mechanism of action of bb. This may have important implications for the management of bone loss in noninflammatory diseases associated with prostaglandins activation. 
